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The formation and temporal evolution of perched water bodies in the Yucca Mountain (YM) site is the focus of this article. Following
the approach proposed by Bagtzoglou (2003), recharge rates that would be required to form and sustain ‘perched water bodies with
characteristics similar to the known occurrences at YM are estimated through a series of detailed flow simulations. The results were tested
for plausibility by comparing with hydrological and geochemical data. The proposed approach is applied with reasonable discriminatory
success to a specific geologic cross-section at the YM site, and recharge rates of 0.13, 0.51, and 6.2 mm/yr are calculated for a set of
three hydraulic property realizations. However, only the highest recharge rate (6.2 mm/yr) satisfies both hydrological and geochemical
constraints. This is in excellent agreement with current estimates by the US Department of Energy.
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Introduction

Yucca Mountain (YM) in southern Nevada is being considered
by the US Department of Energy (DOE) as a potential site for
the long-term storage of high level nuclear waste. This site has
been selected as a candidate high level waste (HLW) reposi-
tory site because: (1) it is situated in a remote location; (2) the
general area is characterized by a low population density; and
(3) it is characterized by an up to 700 m thick unsaturated zone
(US DOE, 1986). Thus, the proposed repository, at a depth of
approximately 300 to 400 m, is considered to be well protected
from processes occurring at the surface and the water table. The
favorable geochemical and hydrologic environment provided by
the unsaturated zone suggests that high fluxes of water may not
readily penetrate the repository, thereby keeping at a minimum
waste-package degradation rates and release of dissolved spent
fuel.

Parts of the repository being located in a localized saturated
zone would mean an increase in the rate of corrosion of the
containers and dissolution of the radioactive waste. Even if the
repository itself were not actually in the saturated zone, a perched
water zone nearby could mean accelerated transport rate of ra-
dionuclides into the environment in the event of canister failure.
This is particularly important since the host rock (i.e., the
geologic unit within which the repository is planned to be con-
structed) is highly fractured. It is well recognized that under
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saturated—and, under special circumstances, unsaturated—
conditions fractures within tuffs similar to those that occurat YM
exhibit very fast response times, capable of conveying amounts
of water multiple orders of magnitude greater than that, which
can be conveyed by the matrix.

The potential for formation of perched water bodies is identi-
fied in federal regulations, for example 10 CFR 60.122(c)(23),as
a potentially adverse condition for the storage of HLW in a geo-
logic repository. Perched water is common in arid environments.
For example, perched water flows from seeps into the Ul2n
tunnel through the zeolitized Indian Trail Tuff at Rainier Mesa,
50 km northwest of YM (Thordarson, 1965; Russell et al., 1987;
Wang et al., 1993). Isotopic signatures (6D and 5'%0) indicate
that the perched waters at Rainier Mesa are similar to modern
meteoric waters and result from recharge relatively quickly from
local winter precipitation (Russell et al., 1987). Evidence also
suggests that waters from the seeps in the zeolitized tuffs are
chemically similar to water from the unsaturated zone below
the perched water body, but are distinct from shallower waters
(Wang et al., 1993).

Perched water bodies tend to be long-term transient features
that are formed where there is a contrast in hydrologic properties
(Freeze and Cherry, 1979). Contrasts may result from differences
between stratigraphic units. For example, hydraulic conductiv-
ity at YM tends to decrease with increased welding of the tuff
units. Contrasts may also occur due to the juxtaposition of low-
conductivity strata adjacent to more permeable and conductive
strata along a structural feature such as a fault or other persis-
tent discontinuity. YM is criss-crossed by numerous potentially
permeable faults, as can be seen in Figure 1, thus substantially in-
creasing the probability of locally saturated conditions occurring
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Figure 1. Major faults present in the YM site, as identified in the geologic
map by Frizzell and Shulters (1990). The image inner window covers co-
ordinates that range from 545,000 to 551,000 in the x-direction and from
4,074,000 to 4,082,000 in the y-direction. Note that the outline of the pro-
posed repository, indicated in thick solid line, is outdated and is depicted
only for georeferencing purposes.

based on the conceptual model presented in the first part of this
paper (Bagtzoglou, 2003). ’

At YM, smectite content increases towards the north; this is
likely due to hydrotherinal alteration that was associated with
the Timber Mountain Caldera (Bish and Aronson, 1993) north
of YM. Smectite content also varies with depth, with higher
smectite concentrations occurring in fractured, welded tuff (high
permeability) above bedded, nonwelded tuff (low permeabil-
ity). Trends in mineralogy of this type point to areas of focused
hydrothermal flow, and help to delineate paleohydrology. High
concentrations of clays such as smectite may also serve to cre-
ate low permeability zones that are favorable to the formation of
perched water zones. This may be particularly enhanced at YM,
where both higher smectite contents and higher infiltration rates
(Flint and Flint, 1994) are found in the northern part of the site.

If perched water bodies formed above the repository, this
local saturation could induce localized fracture flow along

vertical pathways downward into the repository. Past (and con-
temporary) occurrence of fracture flow that bypassed part of the
unsaturated zone where matrix flow would normally predom-
inate, thus transporting released contaminants at greater flow
rates, has been recently inferred by 36Cl measurements at the
Exploratory Studies Facility (ESF), within the repository host
rock at YM (Fabryka-Martin et al., 1996). Bomb-pulse 3**Cl has
been identified at a few very distinct, highly fractured zones,
generally in the vicinity of faults, indicating that a small amount
of water at these locations is less than 50 years old and that it was,
most probably, transported preferentially through extremely lo-
calized pathways. However, there exists no evidence that these
fast pathways are indeed associated with a perched water body
that induced this flow pattern in the past.

Although they do exist now, perched aquifers would be more
likely to form or expand under wetter, climatic conditions that
cause increased recharge flux. Such conditions have existed in
the past (i.e., the Pleistocene), and it is possible that perched
aquifers at the YM area are relict features formed by higher in-
filtration rates during former pluvial climates. Perched aquifers
may also form where alluvial deposits underlie intermittent
stream channels. When ephemeral stream flow saturates the al-
luvial material, the alluvium may remain saturated long after
the stream channel is dry. Even though these perched aquifers
would be located near the surface, the water could eventually
drain through fractures to the water table below. More impor-
tantly, it is possible that water from these perched aquifers could
find its way into the host rock by vertical and lateral flow along
contacts at or near locations where the repository host rock is
exposed. Perched aquifers in alluvial material at YM may be
difficult to identify because they are probably infrequent and of
short duration. However, like intermittent streams, they have the
potential to form, drain, and form again.

Hydrogeologic Setting

The YM site is located approximately 160 kilometers northwest
of Las Vegas, Nevada. It is composed of layers of Tertiary vol-
canic tuff and consists of a series of north-trending fault-block
ridges that are generally slightly dipping to the southeast (5° to
10°). The region is in the tectonically active Basin and Range
Province, and a number of extensional faults are present within
a few kilometers of the proposed repository footprint. Rock
units range from densely welded and highly fractured tuffs to
less-fractured, nonwelded and moderately welded units. Surficial
units are deeply incised with washes, particularly on the eastern
flank of the YM ridge. A thin coating of alluvium/colluvium
covers much of YM, achieving depths of tens of meters in some
of the larger washes. A detailed description of the geologic and
hydrologic setting of the YM site follows.

Basin and Range Province

The Basin and Range province extends from southern Idaho
and Oregon, where it is bounded on the north by the Columbia
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Figure 2. The Basin and Range province and its northemnmost section, the Great Basin. 4

Plateau, 1500 km southward to northern Mexico, where it is
bounded on the south by the Sierra Madre (Figure 2). The
Basin and Range province has a long and complex geologic
history, beginning in the Precambrian and extending into the
Holocene. Structures that were produced by more recent geo-
logic events may reflect the influence of an even earlier struc-
tural feature (Stewart, 1984). For example, the trend of the
current geologic features follows the trends of geologic fea-
tures produced by earlier geologic events. Plate collisions ac-
creted much of this region onto the then continental mar-
gin of the prePaleozoic and Paleozoic North America. Late
Paleozoic and Mesozoic events later modified this region. Early
Mesozoic subduction of the Kula plate beneath the North
American plate produced an Andean-style volcanic range with
large scale granitic igneous intrusions that was later exposed to
become what we know as the Sierra Nevada batholith. Areas
further inland were relatively unaffected by this subduction at
that time. A later increased rate of subduction (caused by an in-
crease in Atlantic seafloor spreading rate) did produce structural
changes in the Great Basin region, including folding and thrust-
ing along a well-defined belt from Canada to Mexico. This de-
formation occurred primarily during the Sevier (late Jurassic to
late Cretaceous) and Laramide (late Cretaceous to middle or later
Eocene) orogenic events and thrust late prePaleozoic and early
Paleozoic rocks over late Paleozoic and Mesozoic rocks (Fiero,
1986).

YM is in the Basin and Range province, and more specifically
the Great Basin section of the Basin and Range province. The
Basin and Range province is divided into five sections, and the
Great Basin is the northernmost section (Dohrenwend, 1987). It
ranges from southern Idaho and Oregon through most of Nevada
and much of western Utah and eastern California (Figure 2). It
borders the Colorado Plateau and the middle Rocky Mountains
on the east and northeast, respectively, and the Sierra Nevada and
the Cascade Range on the west and northwest, respectively, and
the Garlock Fault zone to the south. The Great Basin is not, as its
name suggests, a large basin; rather it is an elevated region that
contains many sub-basins and is flanked on three sides by lower
terrain: (1) Bonneville basin on the east, (2) Lahonton basin on
the west, and (3) on the south a less well-defined lowland region
comprising much of southern Nevada. Except for certain regions
in the north, northwest and southeast, all the sub-basins in the
Great Basin are closed. In the early to middle Cenozoic, extreme
eruptions of silicic volcanic material occurred in the Great Basin
region. Igneous activity migrated generally southward during the
early to middle Cenozoic; from Washington about 45~59 million
years before present (maBP) to central Idaho and northwestern
Wyoming about 38-49 maBP, to northern Nevada about 43—
33 maBP, and finally to central Utah about 2034 maBP (Stewart,
1984). While early and middle Cenozoic volcanic activity was
widespread over most of the Great Basin, late Cenozoic igneous
activity occurred primarily along the margins of the Great Basin
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(Stewart, 1984). Alternating layers of welded and nonwelded tuff
occur in the vicinity of YM and can typically be traced laterally
throughout the area. These layers vary in thickness from tens to
hundreds of meters with the major welded ashflow tuffs being
usually separated by thinner intervals of nonwelded to poorly
welded ashfall and airfall tuffs and reworked tuffaceous material
(Wilson et al., 1994). At about 13 to 14 maBP, eruptions from
Claim-Canyon cauldron, Timber Mountain-Oasis Valley caldera
complex, Wahmonie area, and Crater-Prospector Pass caldera
complex produced thick ash flow and airfall tuff that occur in the
area of this study (Byers et al., 1989). These layers correspond to
eruptions that relate to the collapse of caldera systems (Wilson
et al,, 1994).

The present structural and geomorphic character of the Basin
and Range is a product mainly of the late Cenozoic tensional
stresses to which ithas been subjected, beginning about 17 maBP.
This has produced extension in the region, with most estimates
for this extension in the range of between 10% and 35% of the
original width of the province (Stewart, 1984). Along with this
extension was a regional uplift of as much as about 2,000 m.
This extension is manifest in this area by anomalously high heat
flow, low upper mantle seismic velocity, low regional gravity
field values, and an extensive series of normal faults. The trend
of this faulting generally follows previous geologic structural
patterns. The northern part of the Great Basin with its well de-
fined, steep, parallel, linear range fronts is contrasted with the
southern portion where, along a well-defined east-west line, the
character of the topography goes to a more mature terrain, with
lower mountains with wide surrounding complexes of pediments
and alluvial fans. Fresh fault scarps and active seismicity are un-
common in the southern portion. Whereas the northern portion
appears to be a tectonic province of active uplift and extension,
the southern region appears to be nearly seismically stable. The
tensional forces are generally east-west oriented, producing nor-
mal faults that strike roughly north-south. This north-south nor-
mal faulting often produces a series of linear north-south trend-
ing upthrown blocks (horst) and downthrown blocks (grabens)
(Figure 3). The throw of these faults is typically about 2,000 to
5,000 m in the Great Basin region. This large amount of struc-
tural relief is typically masked by accumulations of sediment
with a thickness ranging from a few hundred meters to more than
3,000 m (Stewart, 1984). Another important way of producing

" common Basin and Range structures is by the tilting of the struc-
tural blocks along listric normal faults (faults that decrease in
their dip angle as their depth increases). The product of this

Figure 3. Horst and graben structures; the downthrown and upthrown
blocks form the grabens and horsts, respectively.
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Figure 4. Fault block structures become inclined as they move downward
along listric normal faults.

tilting along a listric fault is that the upslope portion of the tilted
block forms the ridge and the downslope part forms the valley

(Figure 4).

Local Geologic Setting

YM is located at the western edge of the Nevada Test site about
150 kilometers northwest of Las Vegas, Nevada (Figure 5). It is
a rather narrow ridge that formed as a result of being the up-
thrown block relative to the downthrown blocks on either side
of it. It trends roughly north-south and is tilted between 5 to
10° to the south-southeast. The western edge is bounded by the
Solitario Canyon Fault, and just west of the fault is Solitario
Canyon, which is about 180 m lower in elevation than the crest.
The eastern side is dissected by a series of washes running east
to southeast toward Jackass Flats, which is about 460 m below
the crest. YM is also cut, primarily in the east, by a series of
mostly north-south striking normal faults, which are upthrown
to the east. Between this series of faults on the east, the Solitario
Canyon Fault on the west, and the right lateral strikeslip shear
zone in Drill Hole Wash to the northeast, exists a roughly trian-
gular region that is relatively less complex structurally than the
surrounding area. This region is known as the central block of
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Figure 5, Location of Yucca Mountain, the site of the proposed high-level
nuclear waste repository in southern Nevada
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YM. Two significant faults run through the central block. These
faults are the nearly vertical Ghost Dance normal Fault, which
strikes north-south, and the right lateral Sundance Fault, which
strikes, northwest-southeast.

YM is composed primarily of volcanic tuffs of Miocene age.
The tufflayers range from densely welded and highly fracturedto
less fractured and nonwelded to moderately welded. A thin cover
of alluvium/colluvium overlies most of YM, and in some of the
larger washes it accumulates to depths of tens of meters. Three
formations occur in the unsaturated zone of YM. These are, in
ascending stratigraphic order, Crater Flat Tuff, tuffaceous beds
of the Calico Hills, and the Paintbrush Tuff. Hydraulic properties
of the rocks are related more to their physical characteristics,
which are largely dependent upon the degree of welding, than to
their petrographic characteristics. Hydraulic boundaries based
on physical properties (due to the degree of welding) do not
necessarily correspond to boundaries based on petrographic
characteristics. The tuffs are variably fractured and although
the more densely welded tuffs have a lower porosity, they are
generally more densely fractured. The Center for Nuclear Waste
Regulatory Analyses (CNWRA) staff has grouped the rocks ac-
cording to hydrogeologic properties. The names and descriptions
of the rock unit divisions are given in Stirewalt et al. (1994) and
discussed below. The Tiva Canyon Member of the Paintbrush
Tuff is moderately to densely welded and comprises the Tiva
Canyon welded Tuff. Undifferentiated formations of the upper
Paintbrush Tuff and part of the lower Tiva Canyon Member are
nonwelded to partially welded tuffs and comprise the Paintbrush
nonwelded Tuff. The Topopah Spring Member of the Paintbrush
Tuff comprises the Topopah Springl, 2, 3 welded Tuffs. The up-
per portion of this member is composed of moderately to densely
welded, lithophysae-rich ashfall tuffs. The lower portion is com-
posed of moderately to densely welded, lithophysae-poor ashfall
tuffs and a basal vitrophyre. This study considers the Topopah
Springl, 2, 3 welded Tuffs as one stratumn. Undifferentiated
Calico Hills Tuffs, lower Paintbrush Tuff and Upper Crater Flat
Tuff are nonwelded ashfall and bedded tuffs, and these comprise
the Calico Hills nonwelded Tuff. The moderately welded ashfall
tuffs of the Prow Pass Member of the Crater Flat Tuff form
the Prow Pass welded Tuff. Undifferentiated Upper Crater Flat
Tuffs, including the Lower Prow Pass and the Upper Bullfrog
Member, form the Crater Flat undifferentiated nonwelded Tuff.
These members are zeolitic and nonwelded to partially welded
ashfall and bedded tuffs. The Bullfrog Member of the Crater
Flat Tuff is moderately to densely welded ashfall tuffs and
forms the Bullfrog welded Tuff. The repository is intended to be
positioned deep within the relatively dry, unsaturated Topopah
Spring welded Tuff, about 300-400 m below the ground surface
and approximately 250 m above the water table (US DOE,
1988).

In addition to the presence of markedly distinct geologic units
and tectonic faults, the geologic units are also variably fractured.
For example, the Topopah Spring welded unit, where the pro-
posed repository is to be located, is a low-porosity welded tuff
believed to be densely fractured, while the underlying Calico

Hills, nonwelded-vitric or zeolitized unit is a higher porosity,
nonwelded tuff with seemingly much lower fracture density
(US DOE, 1988).

Climate

This region has currently an arid climate and receives a mean
annual rainfall of about 150 mm/yr, nearly 75% of which occurs
from October through April as frontal systems move through
the region. Warm season precipitation usually occurs as brief,
intense thunderstorms. Many relict landforms and sedimentary
deposits in the Basin and Range province indicate a previous cli-
mate that was much different than today. For example, cirques,
nivation hollows, and glacial moraines are found, as are fluvial
and beach deposits. From a relatively noisy background of tec-
tonic, lithologic, and evolutionary influences, the influences of
climatic change are difficult to filter out. Many studies have been
conducted on the paleoclimate of the American Southwest, but
the results are usually only in partial agreement or even directly
contradictory. For example, full-glacial conditions from differ-
ent studies range from cold and dry to mild and wet. Estimates
of full-glacial mean annual temperature range from 2.8 to 16°C
colder than present, and full-glacial mean annual precipitation
estimates range from 50% to approximately 200% of present lev-
els. Although some of this variation can certainly be attributed
to different approaches and assumptions, a substantial part of the
differences is almost certainly due to the specific areas of the
different studies being affected differently, both in magnitude
and in character, by the changing regional climate, Some ba-
sic characteristics of this regional climatic change, however, do
seem to be constant throughout most of the region. For exam-
ple, during the period between about 25 and 12 thousand years
before present (kaBP) pluvial lake levels were high to interme-
diate, after which time they declined rapidly and were low to
dry between approximately 10 to 5 kaBP. Furthermore, pinyon-
juniper woodlands were present at approximately the same time
as the high lake levels in areas where now only desert scrub
communities exist. Finally, the effective moisture of the latest
Pleistocene and the earliest Holocene was significantly greater
than the present-day effective moisture.

Spaulding (1985) conducted research with plant microfossils
and dated remains found in packrat middens in the vicinity of
the Nevada Test site. Based on this work, Spaulding (1985) re-
ported that the climatic conditions at the Nevada Test site about
45 kaBP were very similar to the present-day conditions in north-
ern Nevada. Figure 6 summarizes precipitation and temperature
changes for a base, an upper bound, and a lower bound case
for the past 45,000 years near the Nevada Test site as inferred
by analyzing original data reported in Spaulding (1985). Three
distinct precipitation and temperature regimes can be identified:
(1) 45 to 39 kaBP is a period of decreased temperature when
precipitation increased from present levels to 15% greater than
present; (2) 38 to 18 kaBP is a period when precipitation varied
from 16 to 40% greater than present, with temperatures from
3-6°C cooler than present; and (3) a definite warming period



52 A.C.Bagtzeglou

40
‘ —--@-— %PPT
—&— Temp
---------- 0 Datum

—— 7" Precipitation \
.r T~

Percent Change
in Precipitation

L N

Temperature

Change in
Degrees C

-10 L ] 3 1 t ] 1 |
45000 35000 25000 15000 5000 [+
Time (Years BP) Present

Figure 6. Precipitation and temperature changes from present conditions
for the past 45,000 years in the vicinity of the NTS. Based on original data
from Spaulding (1985).

from 18 to 13 kaBP to present, in which precipitation declined
back to present-day levels while temperature increased by 4°C.
The lower temperature and greater precipitation of the past plu-
vial climate that are shown in Figure 6 indicate that asignificantly
greater infiltration and groundwater recharge probably occurred
during that time. Even though it is fair to speculate that most
of this recharge occurred in the areas of higher elevation north
of YM, it is hypothesized that water was also able to find its
way down in the area of the proposed repository more rapidly
and in greater quanities than at present. Calcite deposits that are
thought to have been formed from the main aquifer exist above
the present water table, This suggests that the water table has
been higher in the YM region than it is today by approximately
115 m (Quade and Mifflin, 1995). Qualitatively similar observa-
tions were made by Geyh et al. (1995) for the Nubian sandstone
near the river Nile, which has been estimated to have fallen in
stages approximately 60 m since the climate changed from a
prolonged pluvial period to an arid one (about 6 to 4 kaBP).
Czamecki (1985), following a numerical modeling approach,
investigated the effects a wetter future climate would have on
the water table and concluded that a 100% increase in precipi-
tation could cause the water table at YM to rise by as much as
130 m. Such a rise in the water table would not be adequate to
inundate the repository, located 250-300 m above the current
water table, but saturation levels above the higher water table
would see an increase from present-day values.

Finally, the net annual infiltration from rainfall and surface
water over YM has not been definitively determined yet, but sev-
eral estimates do exist. They vary from 3.0 to 35.0 mm/yr with
an average of 14 mm/yr (Stothoff et al., 1995; Stothoff, 1997),
to 2.0 to 20 mm/yr with an average of 5 mm/yr (Bodvarsson
et al., 1999), from a mean annual rainfall of about 150 mm/yr.
These mean values do not take into account the more extreme
rainfall rates that may occur due to interannual and interseasonal
fluctuations and individual storms. In addition, these values only

reflect contemporary rainfall and infiltration conditions. Under
ambient conditions, it is likely that radionuclides released from
the repository zone will be transported predominantly in the
unsaturated flow regime, However, locally saturated flow condi-
tions may also occur in the vadose zone, possibly due to short
and intense rainfalls, or due to extremes in climatic fluctuations
on larger time scales, or due to repository-induced elevated tem-
peratures (Ofoegbu et al., 1999, 2001; Buscheck et al., 2002).

Review of Shallow Infiltration Studies
at Yucca Mountain

The amounts, timing, and locations of infiltration are control-
ling factors in the movement of groundwater throughout the site
and, therefore, control the formation and temporal evolution of
perched water bodies. In fractured, unsaturated rock, such as that
found at the YM site, occurrence of infrequent, high-intensity
rainfall events may modify, perhaps drastically, the subsurface
flow regime from the one predicted by assuming that all rain-
fall events have average intensities. Indeed, the DOE has con-
cluded that the spatial and temporal distribution of infiltration
may be the most important factors influencing groundwater flow
path development (US DOE, 1992). Deep percolation fluxes are
affected by processes active in the near-surface zone, includ-
ing evaporation, transpiration, liquid water flow, and vapor flow.
Each of these processes is governed by several factors. For exam-
ple, precipitation has been found to vary substantially over the
YM region, both spatially and temporally, and winter storms are,
in general, more uniform and of longer duration than summer
storms (Hevesi et al., 1992a, 1992b, 1994). These observations
indicate that, especially for summer storms, a spatially uniform
precipitation pattern is clearly not applicable, even at the site
scale. Similarly, evaporation from the ground surface is affected
by air temperature, attmospheric vapor pressure, wind speed pro-
file, incident solar radiation, surface soil and rock texture, plant
activity, surficial temperature, and surficial moisture content.
The sensitivity of long-term net infiltration to each
infiltration-affecting factor was first estimated using detailed nu-
merical simulations of the shallow subsurface (Stothoff et al.,
1995; Stothoff, 1997). The calculated sensitivity is generic, thus
is not dependent on a particular spatial location. Then, each of
the infiltration-affecting factors was evaluated on a fine grid over
the entire YM area. Potential infiltration-affecting parameters in-
clude air temperature, atmospheric vapor pressure, wind speed
profile, incident solar radiation, surface soil and rock texture,
plant activity, surficial temperature, and surficial moisture con-
tent, all of which may vary widely both in space and time. Finally,
the calculated sensitivity information was used to estimate net
infiltration over the fine grid. The numerical simulator, BREATH
(Stothoff, 1995), was used to calculate fiow in 1D columns. At
the bottom boundary of each column, a zero-saturation-gradient
(unit-head-gradient) boundary condition was applied to simulate
gravity drainage. At the top boundary of the column, the sim-
ulator was presented with 10 years of meteorological inputs on
an hourly basis, based on hourly readings from the Desert Rock,
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NV, National Weather Service meteorological station located ap-
proximately 30 miles to the east of YM (National Climatic Data
Center, 1994).

In order to estimate the spatial distribution of infiltration, the
YM area was subdivided into three classes: (1) alluvium, (2) frac-
tured welded bedrock overlain by alluvium, and (3) nonwelded
bedrock. The alluvium within the Scott and Bonk (1984) outline
covers about 31% of the total site area. Based on the CNWRA 3D
Geologic Framework Model (GFM) (Stirewalt and Henderson,
1995), welded-tuffbedrock underlies 64% of the remaining area,
while nonwelded tuffs are exposed in the remaining 5%. Based
on alluvium distributions resulting from nominal source term
parameters and corrected with the empirical slope-dependent
alluvium depths within the Scott and Bonk (1984) alluvium out-
line, the infiltration distribution is calculated using the base case
alluvium and fracture properties. The average infiltration over
the YM site area (6 km E-W x 9.5 km N-S) was found to be
14.0 mm/yr, while within the 3 km E-W X 4.5%m N-S window
surrounding the proposed repository footprint the average in-
filtration was found to be 15.6 mm/yr. In general, the coefficient
of variation (CV) for pixel-by-pixel (30 x 30 m) infiltration was
found to be larger for the subregional area than for the reposi-
tory box, suggesting that infiltration patterns are more uniform
within the proposed repository footprint than over the region as
a whole.

The largest Annual Average Infiltration (AAI) tends to be
on sideslopes, whereas in the wash bottoms little or no AAI is
predicted. It is plausible to assume that there could be enhanced
AAI at the foot of the sideslopes due to overland flow of runoff;
there may also be additional AAI within the intermittent stream
channels within the washes. The predicted areally averaged AAI
rates range from 3 to 45 mm/yr (Figure 7a). As a comparison,
USGS estimates of infiltration within the proposed repository
footprint were on the order of 25 mm/yr (Flint et al., 1995), and
current DOE estimates range from 2 to 20 mm/yr (Bodvarsson
et al., 1999). Similar recharge estimates were obtained by Wood
and Sanford (1995) for the semiarid Southern High Plains of
Texas and New Mexico. Their analysis was based on the chloride
mass-balance method and, even though it dealt with completely
different materials, average recharge estimates of approximately
11 mm/yr were obtained.

Perched Water Body Occurrences at Yucca Mountain

A number of perched zones have been found at several bore-
holes (USW UZ-1, UZ-14, NRG-7a, SD-7, and SD-9) at YM
(Burger and Scofield, 1994; Yang et al., 1996; Wu et al., 1999).
A vacuum-reverse-air-circulation drilling method was used for
these boreholes to prevent contamination from drilling fluids,
and all perched water samples were collected using plastic or
stainless-steel bailers. All perched water found occurs in the up-
per Calico Hills unit, with the exception of UZ-14 and USW
SD-9, where the perched water body is found on the basal vitro-
phyre in the Topopah Spring unit. Boreholes UZ-1 and UZ-14,
which are on the same drilling pad, encountered a perched zone

ata depth of 190 m above the water table. The zone was extensive
enough to be pump-tested at a rate of 0.204 m>/h for 67 h, and
a total of 22.71 m® was produced.-It has been estimated, how-
ever, that this perched water zone is much more extensive than
originally thought, with an approximate volume of 114,000 m?
(Yang et al., 1996). In USW SD-9, perched water appeared to be
just above the basal vitrophyre of the Topopah Spring unit, 120m
above the water table. Boreholes that encountered perched wa-
ter within the Calico Hills Tuffs include USW SD-7 and USW
NRG 7/7a. The perched zone encountered by SD-7 was exten-
sive enough to be pump-tested at a rate of 0.75 m/h for 30 h,
and a total of 45.42 m3 was produced. This perched water zone
is a relatively small body and its total volume has been esti-
mated at approximately 300 to 500 m?. Figure 7b depicts the
Tocation of all boreholes in the vicinity of the proposed reposi-
tory (even boreholes that were not studied explicitly for perched
water occurrence) together with an outline of the now completed
ESF tunnel. Finally, Figure 7¢ presents a geologic cross-section
through all boreholes identified in Figure 7b.

Within 6 to 8 m sampling intervals in the five boreholes large
14C variations are detected, ranging from 27.2 to 66.9 Percent
Modern Carbon (PMC) with an average of about 37 PMC, in-
dicating a multitude of water sources that contribute to these
perched water reservoirs. The apparent (uncorrected) 14C ages
of perched water range from 3,500 to 10,800 years, as indicated
by 83C data (Yang et al., 1996) accounting for caliche dissolu-
tion. The uncertainty in *C measurements is + 0.7 PMC (Yang
et al., 1996).

Correlation Between Perched Water Occurrences and
Shallow Infiltration Distribution at Yucca Mountain

Identifying any association between the nature of potential flow
pathways and the evidence of flow based on geochemical and
hydrological data is a challenging task. For example, Figure 7a
presents a preliminary attempt of correlating the shallow AAI
spatial distribution and existing geologic structure with known
evidence of perched water occurrence at the YM site. Several
observations can be made from this figure. First, there isareason-
able correlation between high AAI values and known perched
water occurrences. This is particularly evident when keeping in
mind the general southeast dipping trend of the strata, which
would force the initially vertical infiltration to be diverted lat-
erally along dip. Second, there appears to exist another impor-
tant correlation between known perched water occurrences and
significant structural features, such as faults or fracture zones.
Third, Figures 7a and 7b provide little information to corrobo-
rate the link between spatial distribution of AAI, which is es-
timated at a depth of only 30 m, tectonic features, which may
(or may not) cross stratigraphic boundaries, extending upward
to the ground surface, and known perched water occurrences at
great depths. Existence of such correlations at depth (i.e., where
the perched water has been found) would be of great signifi-
cance because it implies that rapid movement of water from the
surface requires discrete, transmissive features extending from
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Potential Recharge and Perched Water Occurrence
at Yucca Mountrain, Nevada
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Figure 7. (a) Distribution of smoothed AAI at the YM site, as calculated by Stothoff et al. (1995) at a depth of 30 m, and major faults present. Borehole-
associated symbols serve to provide information regarding the occurrence, or not, of a perched water body at each individual borehole. (b) Location of
all boreholes in the YM site vicinity, together with ESF outline for georeferencing purposes. (¢) Geologic cross-section through YM boreholes. Note that
the outline of the proposed repository, indicated in thick solid line, is outdated and is depicted only for georeferencing purposes.
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the surface to great depths. Therefore, an effort to provide the
missing link and correlate AAI values with known perched water
occurrences at depth was deemed necessary.

Perched Water Body Modeling at Yucca Mountain

Faults in YM are common, and this faulting has produced offset
of the stratigraphic units. 1f the offset of the fault is such that a
relatively permeable unit within the downthrown fault-block is
juxtaposed against a relatively impermeable unit downdip of the
fault, then the channeled water will be inhibited from continu-
ing downdip and will eventually become trapped at this location.
Therefore, the modeling methodology presented in the first ar-
ticle (Bagtzoglou, 2003) is applicable for the case of YM.

Modeled Area

The first step towards enbancing modeling efforts is to construct
a 3D GFM that embodies the current level of understanding of
YM by including lithostratigraphy, hydrostratigraphy, and geo-
logic structure (Stirewalt et al., 1994; Stirewalt and Henderson,
1995) of the pertinent region. Lithostratigraphy and geologic
structure are based on surface geologic maps of the site (Scott
and Bonk, 1984). Subsurface geology is constrained by both
borehole control and through the construction of balanced cross
sections (Young et al., 1992). Hydrologic properties include
porosity, saturated hydraulic conductivity, and water content.
For the hydrostratigraphic model, mean values for hydrologic
properties are assigned as constant values for each of seven dif-
ferent lithostratigraphic units. Original data are from DOE site
characterization activities (e.g., Craig and Reed, 1991; Flint and
Flint, 1990; Loscot and Hammermeister, 1992; Whitfield et al.,
1993).

The area considered for the current work is the vicinity of
the intersection of the Ghost Dance Fault and the Sundance
Fault in the repository area of the YM site (Figures 7a and 7b).
The modeled area, a 2D cross-section depicted in Figure 8a, is
1100 meters wide by 650 meters deep and is extracted elec-
tronically from the GFM. The plane of view is the plane of the
Sundance Fault facing northward. The area of interest is above
the water table and primarily updip of the Ghost Dance Fault. The
right border of this model represents an artificial no-flow bound-
ary that causes water to accumulate, whereas in reality the water
would continue flowing downdip past this boundary if no fault
were present. However, given the abundance of normal faults in
the YM area, this condition may be a representative depiction
since it corresponds to a periodic boundary condition, namely
a fault existing every so many length units. Any perching to
the right of the fault is eliminated from subsequent calculations.
The tuff beds that we are dealing with are (from top to bottom):
(1) Tiva Canyon welded (TCw), (2) Paintbrush Tuff nonwelded
(PTn), (3) Topopah Spring welded 1,2,3 (TSw), (4) Calico Hills
nonwelded (CHn), and (5) Prow Pass welded (PPw).

The computational grid used in this work is rectangular with
a Ax =20 m and Az =10 m, and an automatic time stepping
is invoked. The left and right boundaries are no-flow, the top
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Figure 8. Modeled area. (a) Hydrogeologic units and structural features
identified and (b) computational grid used in the simulations. Note that the
water table coincides with the bottom boundary and is almost horizontal.
TCw, Tiva Canyon welded; PTn, Paintbrush Tuff nonwelded; TSw, Topopah
Spring welded; CHn, Calico Hills nonwelded; PPw, Prow Pass welded;
GDF, Ghost Dance Fault.

boundary is constant flux, and the bottom boundary is a water
table condition (Figure 8b).

Variability in Hydrologic Properties and Latin Hypercube
Sampling

Only limited information is available regarding the spatial vari-
ability of hydrologic properties of the volcanic rock units at YM,
Nevada. Even though deterministic (geologically controlled)
vertical trends in degree of welding within individual units have
been identified, insufficient data are available at present to jus-
tify using these trends in flow and transport simulations (Istok
et al., 1994). Yet, there exists substantial variability in the hy-
drologic properties, which must be accounted for. Broxton et al.
(1993) and Istok et al. (1994) reported coefficients of variation
for porosity ranging from 10 to 43%, for permeability ranging
from 55 to 75%, and for the logarithm of saturated hydraulic
conductivity ranging from 19 to 39%. Ideally, to make the best
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final probability estimate for the perching potential, an infinite
number of combinations of hydraulic conductivity to saturation

level and different saturation levels of different beds should be
considered. For each of these combinations the areal extent of
the region likely to become perched should be calculated. As
discussed in the first part of this paper, in order to obtain suffi-
ciently accurate results without using all possible combinations,
a statistical method known as the Latin Hypercube Sampling
(LHS) was employed to determine the overall probability of the
site developing localized perched water zones.

The numerical procedure of estimating the recharge rate that
would sustain a perched water body, of specified volume and
PMC, can be repeated for as many LHS property set replicates.
By calculating statistics on the inferred recharge rate, one could
make assertions regarding the variability in this rate and its sen-
sitivity to the hydrologic property variability.

Data

The data used in this study were adopted from the 1993 Total
System Performance Assessment (TSPA-1993) for YM (Wilson
et al., 1994). Even though it is recognized that there exist more
complete data sets, the work presented here is of a methodolog-
ical and demonstration nature. TSPA-1993 uses 10 hydrogeo-
logic units. Because the GFM model of the YM site used here
employs slightly different stratum classifications, some modifi-
cations were necessary. Some units are directly equivalent and
others were combined by a weighted average based on their
relative thicknesses. The Topopah Spring vitrophyre from the
TSPA-1993 was not used because it is not continuous over the
entire modeled area, and there exists great uncertainty regard-
ing its extent and thickness. The Bullfrog and Tram units were
also not used because they lie completely below the main water
table in the modeled area. The correlation between the TSPA-
1993 division and the current study division are summarized in
Table |.

From the TSPA-1993 data (mean, minimum, maximum, and
coefficient of variation), a random sampling of possible values
from a beta distribution curve were produced using the LHS
approach (Iman and Shortencarier, 1984). The particular data

Table 1. Correlation between TSPA-1993 and current study stratum
classification

Unit TSPA-1993 Unit Current study
1 Tiva Canyon welded 1 Tiva Canyon welded
2 Paintbrush nonwelded 2 Paintbrush nonwelded
3 Topopah Spring welded 3 Topopah Spring welded
4 Topopah Spring vitrophyre N/A
5 Calico Hills/Prow Pass Calico Hills nonwelded
nonwelded vitric
[3 Calico Hill/Prow Pass N/A
nonwelded zeolitic
7 Prow Pass welded 5 Prow Pass welded
8 Bullfrog welded N/A
9 Bullfrog nonwelded N/A
10 Tram N/A

Table 2. Matrix property values taken from TSPA-93 (mean)

van Genuchten
parameters
Rock unit Residual
type Porosity Kot (mV/s) saturation @ (m™') n
TCw 0.087 3.86 x 107! 0.021 0.0218 1.622
PTn 0.421 5.470 x 1077 0.154 02485 2611
TSw 0.139 ~ 237x10°1° 0.045 0.0299 1.730
CHn 0.319 6220 x 10~° 0.113 0.0306 2.087
PPw 0.292 2.580 x 10~? 0.069 0.0180 7.014

sets used thus far in the study are the mean values, the mean
values produced by an entropy-fit procedure, and the third of
the fifty random realizations produced by the LHS process. The
entropy-fit procedure is used when data are sparse and no physi-
cal restrictions exist on the range of the parameters (e.g., porosity
must be between 0 and 1). A beta distribution was fitted using
anonlinear optimization entropy-fitting procedure that attempts
to use a limited sample to determine properties for an entire
population. The values for each of these realizations are listed
in Tables 2, 3, and 4. Note that porosity and residual saturation
values do not change for these data sets, as there typically ex-
ists significantly less uncertainty and spatial variability for the
aforementioned parameters. Figure 9 depicts typical results of
the 50 LHS-based Monte Carlo realizations for the moisture re-
tention characteristic curve together with the mean value and
entropy-fitted mean value characteristic curves.

Results and Discussion

The volume of perched water should approach a constant value,
Vores, starting from an initial maximum represented by V., in
Figure 4 of the first part of this paper, within a time frame that is
consistent with the climatic change described in Figure 6, namely
20,000 years. Moreover, the value of PMC for the perched water
body, as calculated by Equation (12) of the first part of this
paper, should approach a target value, PMCyes, consistent with
measurements within the same time period.

The first realization used the mean values from the TSPA-
1993. As the system began to drain, with no flux added and an
initial uniform head value of —10 m, water began to drain from
some areas and accumulate in others. The PTn unit, having a
high permeability, allowed water to flow freely down through it.

Table 3. Matrix property values taken from TSP4-93 (entropy-fit mean)

van Genuchten

) parameters
Rock unit Residual

type Porosity Kea (Vs) saturation @ (m™') n
TCw 0.087 2.04 x 1071 0.021 0.0079 1.622
PTn 0421 3.800 x 1077 0.154 0.5560  2.371
TSw 0.139 2.09 x 10~ 0.045 0.0136 1.799
CHn 0.319 3.78 x 10~10 0.113 0.0133 1.959
PPw 0.292 9.12 x 10-10 0.069 00160 5.888
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Table 4. Matrix property values sampled by LHS and using TSPA -93
statistics

van Genuchten
parameters
Rock unit Residual
type Porosity  Kgar (m/s) saturation o (m~!) n

TCw 0.087 1.88 x 10710 0.021 0.00045 1.393
PTn 0.421 221 x 1077 0.154 0.21112 1.841
TSw 0.139 1.74 x 1071t 0.045 025927 1.851
CHn 0319 8.88 x 10~1° 0.113 0.03722  3.539
PPw 0.292 5.48 x 107° 0.069 0.0160 5.888

When it encountered the TSw unit, which has a low perme-
ability, its downward flow was inhibited. This caused the water
to be channelled downdip in the PTn until it reached the Ghost
Dance Fault. The footwall of the fault has been uplifted such that
the PTn in the hanging wall is juxtaposed against the relatively
impermeable TSw unit in the footwall of the fault. This pro-
duces a trap where the water that is channelled downdip through
the PTn encounters the relatively impermeable TSw at the fault
and begins to accumulate, producing a perched water body. As it
continues to accumulate, it percolates slowly downward through
the TSw unit, thus extending the perched water body well in the
TSw unit. The perched body in the PTn and TSw units continues
to grow as long as there is enough water above it to supply it
with water faster than it can be dissipated. It reaches a maximum
perched water volume of 15,949 m® at 455 years (Figure 10),
after which the perched water begins to dissipate until it is com-
pletely drained by about 1,600 years. Note that a threshold of
99.9% has been applied to the saturation contours in order to
make the outline of the perched water body more clear.
Starting from the point in time with maximum perched water
volume, a flux was added at the surface to approximate a mean

Saturation

50 100 150 200 250 300 350 400 450
Suction Head {m)

Figure 9. Moisture retention characteristic curves for 50 LHS-generated
random realizations (thin solid line), analyzed realization (thick solid line),
TSPA -based mean values (thick dash-dotted line), and TSPA-based entropy-
fitted mean values (thick dashed line). )
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Figure 10. Contour plot of saturation after 455 years of a draining sim-
ulation, at which point a maximum perched water volume of 15,949 m’
has been attained. Note that a threshold of 99.9% is applied to the satura-
tion contours. TCw, Tiva Canyon welded; PTn, Paintbrush Tuff nonwelded;
TSw, Topopah Spring welded; CHn, Calico Hills nonwelded; PPw, Prow
Pass welded; GDF, Ghost Dance Fault.

infiltration rate. This was allowed to continue until the system
reached an equilibrium condition, specifically until the perched
water body disappeared or remained at a constant volume. Dif-
ferent flux rates were added until one was found that produced
and sustained a perched water body of roughly the same volume
of water as actual perched water bodies found in the area (e.g.,
SD-7), approximately 400 to 500 m?. In this case, a constant flux
of 6.2 mm/year applied uniformly to the top of the system pro-
duced a sustained perched water volume of 528 m* (Figure 11a)
right below the PTn/TSw interface. Figure 11b depicts the ex-
act same saturation field without any threshold application ac-
tivated; the range of saturation values present throughout this
specific cross-section of YM is evident here. Figure 12 depicts
the temporal evolution of the perched water volume for the drain-
ing simulation, and the simulations with a recharge of 6.2 and
8.0 mm/yr, respectively. Note how the 8.0 mm/yr simulation di-
verges and floods the system, whereas the 6.2 mm/yr simulation
reaches the desired volume asymptotically.

The procedure that used the entropy-fit mean values was used
on the realization, and the same general behavior of the water
movement was observed. The water drained downward through
the more permeable PTn until it encountered the relatively im-
permeable TSw unit and was channelled downdip until it en-
countered the TSw unit across the Ghost Dance Fault. At this
point the water became trapped and formed a perched water body
that expanded downward into the TSw unit. In this realization,
however, it proceeded at a much slower rate, and the flux needed
to create a sustained perched water body was substantially less
than what was required in the previous realization, Under drain-
ing conditions, the perched body reached its maximum volume
of 8,300 m? at about 2,759 years, and by 6,350 years it had com-
pletely dissipated. A flux of 0.51 mm/yr produced a sustained
perched volume of about 555 m? (Figure 13).
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Figure 11. Contour plot of saturation after 455 years of draining and 7,155
years of applying an infiltration rate g = 6.2 mm/yr with (a) a threshold
0f 99.9% applied to the saturation contours and (b) no threshold applied to
the saturation contours. TCw, Tiva Canyon welded; PTn, Paintbrush Tuff
nonwelded; TSw, Topopah Spring welded; CHn, Calico Hills nonwelded

PPw, Prow Pass welded; GDF, Ghost Dance Fault.

Finally, the same procedure was repeated for one of the 50
LHS-generated random realizations. Because of the properties
of the top layer (TCw) and the assumed initial head level of
~10 m, this layer was saturated at the very beginning of the
simulation and then began to drain. This is the reason for a
high initial saturated volume. After this condition disappeared
and the saturated volume reached a low of about 926 m> at
10 years, the volume began to accumulate again as the water
drained from some locations and became trapped in other loca-
tions. The maximum volume of 3,676 m® was attained at about
8,000 years after the draining began. At about 25,000 years the
saturated region had completely dissipated (Figure 14). In the
first two realizations, the starting point for all simulations of a
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Figure 12. Temporal evolution of perched water volume for draining and
g = 6.2 and 8.0 mnv/yr simulations. Mean TSPA-93 hydrologic properties
are used.

specific flux rate subsequent to the draining simulation was the
point of maximum perched volume attained during draining. In
the LHS-generated realization, however, due to the high initial
saturations, two different points further along in the draining
simulation were chosen, with an initial volume of 2,530 and
723 m3, respectively. The results were quite similar (within 2 to
3%) in the final volume of perched water that was calculated in
each simulation. The volume of perched water for each simula-
tion reached a final value of approximately 100 m® by the end
of the simulation.

Several simulations with different flux rates were run for the
LHS-generated random realization, to determine which would
produce a sustained perched volume of near the target volume

— drainage b
-~ Q=051 mm/yr

Perched Water Volume {m3)

15 2 25 3 as 4 45 5
Time {years)

Figure 13. Temporal evolution of perched water volume for draining and
g = 0.51 mm/yr simulations. Entropy-fit mean TSPA-93 hydrologic prop-
erties are used.
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Figure 14. Temporal evolution of perched water volume for draining and
q = 0.13 and 0.15 mm/yr simulations. LHS-generated hydrologic properties
are used.

of 400 to 500 m>. However, for this realization the volumes of
perched water did not decrease monotonically to a steady-state
value, as was the case for the two previous realizations analyzed
(Figure 14). The volume fluctuated with time but with an overall
decreasing trend. Fluxes of 0.14 mm/yrand less all produced vol-
umes that fluctuated around values smaller than the target value
of 400 m* (volume fiuctuated from 55 m® to about 360 m*). This
made it difficult to determine a specific volume at which it re-
mained for a significant period of time. For the two fluxes greater
than 0.14 that were tested, namely 0.15 and 0.20 mm/yr, there
was a definite increasing trend in the magnitude of the volume.
For this reason these fluxes were considered to not produce a
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Figure 16. Depletion of perched water *C as a function of time for
g = 0.51 mm/yr and three areal extent values. Entropy-fit mean TSPA-93

hydrologic properties are used.

sustained perched volume near the target volume. Although flux
rates of 0.12 and 0.13 mm/yr produced volumes less than the
target volume, the simulation with 0.13 mm/yr was the largest
flux that did not show a strong tendency to increase in value near
the end of the simulation. Therefore, this flux rate was chosen
for subsequent geochemical analyses (Figure 14).

Equation (12), of the first part of the paper, was solved nu-
merically for each of the three realizations, with input of the
V(t) behavior as inferred from the detailed flow simulations.
Since the actual areal extent, 4, of the perched water body is
unknown, simulations have been conducted by varying this pa-
rameter. Figures 15, 16, and 17 depict the *C depletion as a
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Figure 15, Depletion of perched water C as a function of time for
g = 6.2 mm/yr and three areal extent values. Mean TSPA-93 hydrologic
properties are used.
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Figure 17. Depletion of perched water !*C as a function of time for
¢ = 0.13 mm/yr and three areal extent values. LHS-generated hydrologic
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function of time for each material property realization and also
for a set of three values for the areal extent parameter 4. Also
shown in Figures 15, 16, and 17 is the reference simulation,
which corresponds to pure radioactive decay, and the target value
of PMCpys = 0.28. Several observations can be made from these
figures. First, the ¢ = 6.2 mm/yr simulation, using mean TSPA-
93 values, could reach the target PMCpyes after a residence time
between 10,000 and 20,000 years for realistic areal extent values
(Figure 15). This timeframe is consistent with the time required
for the volume to reach a dV/dt = 0 and also with the change of
the climate around 18 to 20 kaBP (last pluvial). On the basis of
the '4C analysis alone, the ¢ = 0.51 mm/yr simulation, using the
entropy-fit mean TSPA-93 values, seems to be plausible, since
it can reach the target PMC,. for realistic areal extent values,
that is, before 20,000 years (Figure 16). However, the hydrologi-
cal constraints are violated for this simulation since the perched
water volume is consistently much larger than the target vol-
ume, Vs, during this timeframe and also because dV/dt # 0,
indicating nonattainment of steady-state conditions. Finally, the
g = 0.13 mm/yr simulation, using the LHS-generated random
realization properties, appears to be violating both hydrologi-
cal and geochemical constraints, since (1) it attains a dV/df =
O0and V = Vi, after 25,000 years, and (2) it reaches the target
PMC,; after at least 30,000 years (Figure 17).

Conclusions

The major conclusions of this study are:

1. a fault-induced perched water trap model, postulated in the
first part of this two-part paper (Bagtzoglou, 2002), has been
proven plausible based on a fair correlation between areas of
high potential recharge, location of significant structural fea-
tures (e.g., faults), and known occurrences of perched water
at YM;

2. asustainable perched water body can be attained with an av-
erage deep rechargerate 0f0.13,0.51, and 6.2 mm/yr depend-
ing on the hydrologic properties of the rock units involved in
the analyses;

3. only one of the three realizations tested (the one correspond-
ing to recharge of 6.2 mm/yr) was able to satisfy both hy-
drological and geochemical constraints, given several key
assumptions. This is in excellent agreement with the works
of Stothoff et al. (1995), Stothoff (1997), and Bodvarsson
et al. (1999), who predicted net infiltration rates in the range
of 3 to 35 mm/yr with an average of 14 mm/yr, and 2 to
20 mm/yr with an average of 5 mm/yr, respectively. Very re-
cently, Buscheck et al. (2002) have provided an estimate of
6 mm/yr for the average infiltration rate. This clearly demon-
strates the reasonable discriminatory power of the proposed
approach, which can readily be applied to any other site;
and '

4. itappears that for the realization that satisfies both hydrologi-
cal and geochemical constraints, a present-day perched water
body that consists of a combination of some minimal relict

{past pluvial) water and young water from infiltration is an
appropriate hypothesis. This is also in excellent agreement
with observed data and the current conceptual model of flow
and transport at YM (Wu et al., 1999).
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